Abstract
Introduction
In the last decades, much research has been focused on luminescent materials containing trivalent lanthanide ions, Ln 3+ [1] . Rare earth compounds have been widely used in high performance luminescent devices, magnets, catalysts, and other functional materials. Materials containing RE ions as activators show a series of sharp absorption and emission lines from the infrared up to the ultraviolet region [2] . Pyrochlore compounds are inherent ionic conductors whose properties may be altered by changing the processing conditions and doping of different elements on various sites. These materials can also be used as solid electrolyte in solid oxide fuel cell [3] . Structurally, pyrochlore exhibits ?uorite type structure. The Lu 2 Ti 2 O 7 phase is known to have the cubic (Fd3m) pyrochlore structure with a large unit cell constant of about 10Å. [4] [5] . Pyrochlore oxides have attracted much attention because, depending on the chemical elements involved, they display a large variety of physical and chemical properties and therefore, potential applications in many areas of technological interest [6] . In the present work, we propose a Pechini method to synthesize Eu 3+ doped Lu 2 Ti 2 O 7 with a pyrochlore type structure. Also, we present structural, morphological and optical characterization of Eu 3+ doped pure phase Lu Relevant results of structural analysis (unit cell parameter, crystal coherence size and microstrain values) are presented in Table 1 . Microstrain values are low suggesting good ion ordering in the crystals. 
Photoluminescence emission spectra and lifetime measurements
Emission spectra of Lu 2 Ti 2 O 7 samples doped with 1 at.%, 3 at.%, 5 at.%, 7 at.%, 10 at.%,15 at.% of Eu are measured, and the representative spectrum is presented in Fig 3. Due to the even number of electrons in the 4f shell (4f 6 configuration), the crystal-field perturbation by the crystalline host matrix lifts partly or completely the degeneracies of the Eu 3+ levels [8] . Therefore, emission spectra show five characteristic bands centered around 17287, 16896, 16217, 15333 and 14257 cm −1 that origin from 5 D 0 → 7 F i (i = 0, 1, 2, 3 and 4) spin forbidden f-f electronic transitions of the Eu 3+ ions. The 5 D 0 → 7 F 1 transition is magnetic dipole in nature and follows the selection rule ∆J = 1. Its intensity is independent of the host matrix. On the other hand, the 5 D 0 → 7 F i (i = 2, 4, 6) are "the forced" electric dipole transitions, known to be forbidden by the Laporte selection rule, and may occur due to the mixing of the 4f orbitals with opposite parity at the low symmetry sites. The 5 D 0 → 7 F 2 is known as a hypersensitive transition because it is easily affected by the local environment around the europium ion, and its intensity depends on the symmetry of the crystal field around the europium ion. The intensity of 5 D 0 → 7 F 2 transition is the most intense across the emission spectra. The 5 D 0 → 7 F 0 transition is not allowed since 0 − 0 transitions are forbidden by the selection rule J = 0 → J 0 = 0. The appearance of this transition is mainly due to the J-mixing effect [9] and indicates that the Eu 3+ ion is located in a site without an inversion center. Low energy transitions, 5 
where l(t) represents the luminescence intensity at time t, corrected for the background. The results of the calculations are presented in Table 2 . In all samples the highest integral emission intensity is observed for the 5 D 0 → 7 F 2 transition. The intensity of this transition is shown in Figure 3 , and the lifetime values in Table 2 . The lifetime values of the 5 D 0 level are similar up to 7 at. % Eu 3+ (≈ 0.70 − 0.75 ms), but they experience a decrease at 10 at.% Eu 3+ (≈ 0.66 ms).
Judd-Ofelt calculations and results
The Judd-Ofelt theory [10, 11] describes intensities of transitions of lanthanides and actinides in solids and solutions, whereas the Judd-Ofelt parameters characterize the local structure and bonding in the vicinity of rare earth ions. This theory provides information about oscillator strengths, radiative lifetime (τ R ) and transition probability (A). The analysis also provides values of quantum efficiency and estimates of the degree of Eu ligand covalency. According to J-O theory [10, 11] the theoretical expression for oscillator strength for an induced electric dipole transition from the ground state to an excited state is:
where h denotes the Planck constant (6.63×10 −27 erg·s), 2J +1 is the degeneracy of the initial state, n is the refractive index, Ω λ are the Judd-Ofelt parameters and kU λ k the double reduced matrix elements of unit tensor operators whose values are independent of the local environment of the ion. According to the Judd-Ofelt theory the spontaneous transition probability, A, is related to its dipole strength according to the following equation:
where D ED and D MD are the electric and magnetic dipole strengths (in esu 2 cm 2 ), respectively. Transition probabilities of the rare earths are composed mainly of the electric dipole contribution 5 D 0 → 7 F i (i = 2, 4) and to a much lesser extent by the magnetic-dipole con-
transition is forbidden according to Judd-Ofelt theory both in magnetic and induced electric dipole scheme, and this transition can only gain intensity via J-mixing [12, 13] . Also, the 5 D 0 → 7 F 0 transition is strictly forbidden according to the standard Judd-Ofelt theory. Due to the above mentioned, these two transitions will not be considered in the determination of transition probabilities. The intensity of 5 D 0 → 7 F 1 magnetic dipole transition is largely independent of the environment and can be considered in a first approximation to be constant [14] . The magnetic dipole transition can be calculated by theory [12, 15] as:
The strength of all induced electric dipole transitions is:
where |hΨJkU λ kΨJ 0 i| 2 are squared reduced matrix elements whose values are independent of the host matrix. For the case of Eu 3+ these values are given in Ref. [15] [16] [17] . In the case of Eu 3+ emission, Judd-Ofelt intensity parameters can be evaluated solely from the emission spectrum because non-diagonal elements of the |hΨJ||U λ ||ΨJ 0 i| 2 matrix have zero values:
For the J-O calculations the value of refraction index of 2.12 is taken from the literature [18] . Then, it is possible to calculate the ratio of the radiative transition probabilities A of different transitions from the ratios of areas S under the corresponding emission bands [17, 19] :
The total radiative rate, A R , defined as the sum of all radiative rates, can be further used to evaluate the non radiative rate, A NR , the value of luminescence intensity ratio R and the emission quantum efficiency, η (ratio between number of photons emitted by the Eu 3+ ion to those absorbed by the Eu 3+ ion).
The Ω 2 intensity parameter depends on the symmetry of the local surrounding around the Eu 3+ site and is strongly affected by the degree of the covalence bond between Eu 3+ and ligands. Ω 4 and Ω 6 parameters are associated to the viscosity and rigidity of the host material. The stronger the covalence the higher the value of Ω 2 [20, 21] . Luminescence intensity ratio R =
, also known as asymmetry ratio [22] , represents the measure of degree of Eu-O covalency [23] . As the value of R increases, the symmetry around the trivalent europium reduces [24] . Ω 2 and R reveal complementary physical information on the bonding nature between the Eu 3+ ion and the surrounding anions. Furthermore, the R value depends on the J-O parameter Ω 2 which is used to explain the short range effects in the local structure around the Eu 3+ ions and Eu-O covalence [25] . The Ω 6 intensity parameter could not be determined because the 5 D 0 → 7 F 6 emission in this sample couldn't be detected due to the instrumental limitations.
Calculated Judd-Ofelt parameters show variations with different concentrations of Eu 3+ , and their values are presented in Table 3 . Table 3 . Intensity parameters, radiative and non-radiative transition rates, quantum efficiencies and asymmetry ratios of Eu 3+ emission from Lu 2 Ti 2 O 7 particles prepared with different concentration of Eu 3+ . Figure 4 (a). The Ω 2 > Ω 4 trend confirms the existence of covalence between the Eu 3+ ion and ligands as well as the asymmetry around the metal ion site [26] . The obtained results for Ω 2 and Ω 4 are similar and no significant changes are observed. Likewise, calculated values of asymmetric ratio R are also close. The asymmetric ratio R in dependence of different atomic percentage of Eu 3+ (1, 3, 5, 7, 10 and 15 %) is presented in Figure 4 (b). These results indicates that the local environment of the ion was stable and does not change with concentrations in this range [27] . Figure 5(b) . The highest value of the quantum efficiency is obtained for concentration of 3 % and it is 60.83 %, and the lowest value is obtained for the 15 % and it is 44.58 %. The decrease of the quantum efficiency with the increase of the dopant concentration above 10 % is the consequence of high cross-relaxation processes.
It is acknowledged that Judd-Ofelt theory estimates transition probabilities with accuracy generally not worse than 10 % [28] . 
Conclusion
To conclude, a set of samples with different Eu 3+ concentrations (1; 3; 5; 7; 10 and 15 at. %) doped Lu 2 Ti 2 O 7 particles has been prepared with Pechini-type polymerized com-plex route. Particles doped with 3 % of Eu 3+ , exhibiting quantum efficiency of emission of 60.9 %, showed the best luminescence properties. In all samples the Judd-Ofelt intensity parameter Ω 2 was larger than Ω 4 parameter showing existence of covalence between the Eu 3+ ion and ligands as well as the asymmetry around the metal ion sites.
